In mammals, gap junctions between retinal bipolar cells are generally small and tracer coupling has not been previously demonstrated. In this study, Neurobiotin was injected into the Ba3-type cone bipolar cell, a medium-field cone bipolar cell that ramifies in sublamina a of the rabbit retina. Tracer spread to many other Ba3 bipolar cells, presumably through gap junctions. It also spread to a smaller field bipolar cell called the Ba1 that ramifies at the same depth of the inner plexiform layer. Injection of Neurobiotin into Ba1 bipolar cells did not produce staining beyond the injected cell. Tracer coupling from the Ba3 was therefore both heterologous, in that different cell types were stained, and asymmetric. The unusual properties of this bipolar cell suggest that its function may differ from that of most cone bipolar cells, which are narrow-field, do not overlap, and are poorly coupled to one another.
Introduction
Many types of cells in the retina contain gap junctions and represent all of the major classes of neuron (Vaney, 1991 (Vaney, , 1994 (Vaney, , 1996 , with bipolar cells being perhaps the least well documented. In mammals, gap junctions between pairs of bipolar cells have been reported to be relatively rare and small (Raviola, 1976; Kolb, 1979; Cohen & Sterling, 1990) . Although mammalian ON cone bipolar cells are tracer coupled to AII amacrine cells, no tracer coupling has been previously reported between pairs of either ON or OFF cone bipolar cells (Mills & Massey, 1992; Vaney, 1994) . In fish retina, however, tracer coupling has been demonstrated between some types of bipolar cell (Sakai et al., 1993; Umino et al., 1994) . This report will demonstrate Neurobiotin coupling resulting from injections into one type of rabbit cone bipolar cell, previously termed the DAPI-Ba3 bipolar cell (Mills & Massey, 1992) , hereafter referred to as simply Ba3. This presumptive OFF cone bipolar cell ramifies high in sublamina a. Comparing it to other population studies of mammalian bipolar cells (Cohen & Sterling, 1990; Boycott & Wässle, 1991; Martin & Grünert, 1992; Mills & Massey, 1992; Grünert et al., 1994; Wässle et al., 1994; Euler & Wässle, 1995; Massey & Mills, 1996; Hartveit, 1997) reveals that it is unusual in several respects. Most bipolar cells, whether diffuse or midget, "tile" the retina efficiently with little overlap and have a coverage factor of about one, but Mills and Massey (1992) showed that the axonal arborization of the Ba3 could have a coverage factor as large as three. The narrow arbor of the Ba3 is therefore unusual in stratifying at about the same depth of the inner plexiform layer (IPL) as another narrowly stratified cone bipolar, termed the DAPI-Ba1 (Ba1) (Mills & Massey, 1992; Merighi et al., 1996) . These properties, taken together with its unusual coupling patterns, suggest that its role in retinal processing is likely to be quite different from most bipolar cells.
Methods
Rabbit retinas were isolated and bipolar cells were labeled with DAPI as described previously (Mills & Massey, 1992; Merighi et al., 1996) . After mounting on filter paper and transferring to a microscope stage, retinas were perfused with oxygenated Ames medium (Ames & Nesbett, 1981) heated to 34-378C. Following penetration of a soma and momentary negative iontophoresis of Lucifer Yellow (0.5%), Neurobiotin (4%) was injected with 0.1-0.5 nA positive current (3 Hz) for 1-2 min. A minimum of 30 min of additional perfusion with Ames medium was given following the final injection.
Pieces of tissue with injected cells were fixed 1 h in 4% paraformaldehyde, then rinsed extensively in 0.1 M phosphate buffer, and incubated overnight in 0.5% Triton X-100 in buffer. Some pieces of tissue were incubated overnight in 1:100 ABC reagent (Elite Vectastain kit; Vector Laboratories, Burlingame, CA) 6-24 h. After rinsing, tissue was incubated 15 min in 0.06% DAB (3,3-diaminobenzidine). Neurobiotin was then visualized by adding 0.003% hydrogen peroxide to the DAB. Other cells were visualized with fluorescence by incubating overnight in 1:200 streptavidin-Cy3 (Jackson ImmunoResearch, West Grove, PA). . 1 shows the mosaic of coupled cells that resulted from injection of Neurobiotin into a DAPI-Ba3 cell. As reported by Mills and Massey (1992) , this is a medium-field bipolar cell narrowly stratified in sublamina a. Its most distinctive characteristics are its large and disproportionately sized dendritic and axonal fields. In the periphery, its axonal arbor can be as much as three times the size of its dendritic field. As Fig. 1 demonstrates, Neurobiotin injection into one of these cells stains not only the original cell, but also completely stains some neighboring cells of the same type (long arrows). Surprisingly, a second population of cells (short arrows) is also stained, although more lightly. These have slightly smaller somas and the degree of staining falls off more rapidly as the distance from the site of injection is increased.
Results

Fig
In other patches of filled cells, the dendritic morphologies of both types of cell can be clearly distinguished. Fig. 2 shows the characteristic dendrites (A) and axonal arbor (B) of the Ba3 cone bipolar cell, which is the cell to the upper right in both panel A and B. Fig. 2 also shows the dendrites (A) and axonal arbor (B) of the second type of cell (lower left in each panel). Its morphology and stratification depth indicate that it is a Ba1 cone bipolar cell, labeled entirely by tracer coupling from the injected Ba3. The morphology of a Ba1 cell stained with Lucifer Yellow and subsequently photooxidized (Sandell & Masland, 1988 ) is shown in Fig. 3 for comparison.
To confirm that the second coupled cell was Ba1, as seemed apparent from its morphology and stratification, colocalization of fluorescence in the small coupled somas was compared to the original DAPI staining. Ba1 cells are always the cells most brightly labeled using this DAPI-incubation protocol. Fig. 4 shows Neurobiotin coupling from another Ba3 injection. The cells shown are just to the side of the flare from the injected cell. Small, brightly DAPI-stained nuclei (Ba1) near the site of injection are coincident with Neurobiotin-stained somas only slightly larger than the nuclei. Both near and further from the injection site, other DAPIstained nuclei are coincident with larger somas belonging to the more well-coupled Ba3 cells. This confirms that the coupled cells are of two of the types most easily targeted by their DAPI fluorescence, the small bright Ba1 cells and the larger Ba3 cells. Less brightly DAPI-labeled nuclei were never colocalized with Neurobiotin staining.
The Ba3 cone bipolar cell is therefore distinctive not only by being tracer coupled to its neighbors, but also by being heterologously coupled to Ba1 bipolar cells. Further, the tracer coupling is asymmetric, as tracer inevitably flowed (n ϭ 17) from an injected Ba3 into many Ba1 cells, but tracer injected directly into a Ba1 (n ϭ 32) never labeled Ba3 cells.
Coupling from Neurobiotin-injected Ba1 cells into neighboring Ba1 cells was occasionally seen at the very limits of detection (3 occurrences in 32 fills). Labeling of Ba1-Ba1 coupled cells was always very weak, and confocal microscopy with very high gain was usually required to detect it. The coupled cells could be identified as other Ba1 cone bipolars by referring to the specific DAPI labeling, as just noted. Ba2 cone bipolars (Mills & Massey, 1992; Merighi et al., 1996) also show this pattern of very weak and sporadic coupling. By contrast, successful Neurobiotin staining of a single Ba3 invariably leads to staining of many Ba3 cells and a larger number of the more densely distributed Ba1 bipolar cells. Mills and Massey (1992) demonstrated that the Ba1 bipolar cell tiled the retina efficiently, in that the coverage factor was about 1.0 Fig. 1 . The staining pattern produced by intracellular injection of Neurobiotin into a single Ba3 cone bipolar cell. Two distinct types of soma are evident. One is large, with more sparsely distributed, and with some dendritic processes evident (long arrows). The other is small, densely distributed, and less well stained away from the injection site (small horizontal arrows).
in the IPL. The processes of neighboring cells never overlapped, but terminated in point-to-point contacts. Neurobiotin injection into a Ba3 bipolar usually stained many Ba3 cells completely. This revealed that the processes of the Ba3 not only overlapped in sublamina a, but also coursed together in groups of 2 or 3 (Fig. 5) , rather than diverging to fill available space. This once again emphasizes the disparity between the morphology and presumably, the function, of the Ba3 versus most other bipolar cells.
Discussion
This is the first published report of bipolar-bipolar cell tracer coupling in the mammalian retina. Although bipolar cell gap junctions were found in ultrastructural studies in cat, rabbit, and primate retina (Raviola, 1976; Kolb, 1979; Cohen & Sterling, 1990) , these junctions appeared to be infrequent and small, so that their inability to support significant tracer coupling was not surprising (Mills & Massey, 1992; Vaney, 1994) . Indeed, the author previously reported no coupling among three cone bipolar cells in sublamina a (Mills & Massey, 1992) . Most of the cells injected in the earlier study were Ba1 and Ba2 types, where coupling is rarely seen. As coupling appeared in 17017 Neurobiotin-injected Ba3 cells in this study, it is likely that the earlier failure to find Ba3 coupling resulted from the small number of injections into Ba3 cells, perhaps maintained in less optimal conditions. In this study, the coupling revealed by Neurobiotin injection into single Ba3 somas was extensive and reliable. The Ba3 is clearly an unusual bipolar cell and should be viewed as an exception to the general pattern that bipolar cells preserve their autonomy by not coupling significantly to their neighbors, rather than a challenge to the rule. This cell is unusual in its size and density (Mills & Massey, 1992) as well as in its coupling pattern, which is extensive, heterologous, and asymmetric. The finding that a bipolar cell can be coupled to bipolar cells of another type is not without precedent, however, as Cohen and Sterling (1990) found gap junctions between the b 3 and b 4 bipolar cells of cat retina.
Tracer and electrical coupling between bipolar cells have each been reported in fish (Saito & Kujiraoka, 1988; Umino et al., 1994) , including between OFF-center types. Some of these OFF subtypes have wide axonal arbors in the distal IPL (Saito et al., 1984) , as does the Ba3. Fish bipolar cells appear to be more extensively coupled than their mammalian counterparts. It has often been observed in nonmammalian recordings that bipolar cell center receptive-field size can be larger than their dendritic field (Werblin & Dowling, 1969; Kaneko, 1973; Richter & Simon, 1975; Ashmore & Falk, 1980; Kujiraoka & Saito, 1986) . However, there are a greater number of morphological bipolar cell types in fish retina (Ishida et al., 1980; Sherry & Yazulla, 1993) , which can be of mixed rod-cone input. For these reasons, and because they are likely to be more extensively coupled, extrapolation and homologies seem especially uncertain. Coupling between dissimilar cell types has not been reported.
The relationship between tracer coupling and gap junctions
In the retina, correspondence between electrical and tracer coupling is often not clear. For example, electrophysiological recordings have left little doubt that the gap junctions between mammalian rods and cones support electrotonic coupling (Steinberg, 1969; Nelson, 1977; DeVries & Baylor, 1995) . Yet, no published reports of tracer coupling between any mammalian photoreceptors or bipolar cells have previously appeared.
This uncertain relationship between tracer and electrical coupling makes conclusions based on negative coupling especially tenuous. Failure to observe tracer coupling could result from a number of factors, including: (1) The bipolar cells reported by Mills and Massey (1992) and by Vaney (1994) If coupling from Ba1 cone bipolar cells to other Ba1 cells can occasionally be detected, other coupled pathways may be below the limits of detection, for example, reverse flow from the Ba1 to the Ba3 cone bipolar cell. Suppose that Ba3 cone bipolar cells readily disperse tracer to other Ba3 cells and Ba1 cells, while the Ba1 is poorly coupled to other Ba1 bipolar cells. The amount of tracer injected into a Ba3 which slowly accumulates in Ba1 cells will remain in each Ba1, as the poor coupling efficiency to other Ba1 bipolar cells will prevent loss of tracer. The concentration gradient between Ba3 and Ba1 cells will also remain opposed to loss of tracer from the Ba1. Tracer directly injected into a Ba1, however, might indeed flow into Ba3 cells, but disperse rapidly throughout the well-coupled Ba3 matrix, thereby keeping the level of tracer below the threshold of detection. It is therefore possible that no junctional asymmetry exists.
Heterologous gap junctions and asymmetric tracer coupling
Heterologous gap junctions are commonplace in the retina. Examples include junctions between AII amacrine cell and ON cone bipolar cells, between some types of ganglion cell and amacrine cells, between rods and cones, and between Müller cells and oligodendrocytes. Note that asymmetric Neurobiotin coupling has been described in each of these systems (Vaney, 1994 (Vaney, , 1996 (Vaney, , 1997 Robinson et al., 1993; Zahs & Newman, 1997) , except for rodcone coupling, which has not been tested in mammals.
The mechanism and significance of asymmetric tracer coupling, sometimes called chemical rectification, is poorly understood. Rectifying gap junctions were reported in the very first electrical recordings across gap junctions (Furshpan & Potter, 1959) . These arthropod gap junctions are also asymmetrically tracer coupled (Giaume & Korn, 1984) . Electrical rectification is thought to arise from differently signed voltage sensors on opposite sides of a heterotypic (having different connexin types in the two cells) connexon (Verselis et al., 1994; Brink et al., 1996) . This is not a suitable explanation of asymmetric tracer coupling, however, as tracer should flow down its gradient whenever both gates are open. Any asymmetry must reflect some other mechanism and probably requires strong interaction between the permeant molecule and the channel (Flagg-Newton & Loewenstein, 1980) . As noted, it may be difficult to distinguish between chemical rectification based on channel interactions and an artifactual mismatch between two coupled networks with different volumes and coupling efficiencies.
Coupling and spatial acuity
Coupling between bipolar cells raises some difficult questions about signal processing in the retina. As an obligatory interneuron of signal flow from outer to inner retina, the spatial acuity of the visual system is determined by the density of the photoreceptors, their divergence to bipolar cells, and the extent to which each cell maintains a spatially unique signal. Further, cone bipolar cells form the first major divergence of cone outputs into numerous parallel pathways. To the extent that different types are coupled, they would cease to function independently.
Electrotonic coupling could reduce acuity for some other advantage, presumably an improvement in the ratio of signal to noise. The degree to which acuity and independence would be compromised depends on the degree of coupling. Umino and coworkers (Umino et al., 1994; Poznanski & Umino, 1997) modeled the network properties of coupled bipolar cells in carp retina and concluded that coupling could smooth a signal over the coupled patch, reducing the difference between central and peripheral cells by up to 80% before spatial acuity was compromised. The amount of blur contributed by coupling will be related to the degree to which the central cell "dominates" its receptive-field profile, relative to its near neighbors. Apparently, even in well-coupled horizontal cells, the central cell dominates sufficiently that where the central cell is elongated, a corresponding elongation is maintained even in the receptive field (Bloomfield, 1992) or the patch of Lucifer Yellow-coupled cells (Mills & Massey, 1994) . There may therefore be a low level of coupling in bipolar cells that can contribute to noise reduction or to sharing of metabolites without significant blurring of spatial acuity.
Tracer coupling versus electrotonic coupling
Although ultrastructural studies have demonstrated gap junctions between mammalian bipolar cells, the extent to which they support electrotonic coupling is unclear. The rabbit Ba3 cone bipolar is unique in both the extent and pattern of its coupling. It is likely that neighboring Ba3 bipolar cells are significantly electrotonically coupled. This conclusion is based upon comparison of the rate of tracer spread between different coupled networks in the rabbit retina. Although the author stained most of the cells in this study prior to developing a quantitative method for comparing Neurobiotin-coupling rates (Mills & Massey, 1998) , both the spatial spread of tracer and the calculated coupling rate for a few patches filled recently suggest that the magnitude of Neurobiotin transfer between coupled Ba3 bipolar cells is only slightly less than that between neighboring AII amacrine cells, which almost certainly support electrotonic coupling.
Other gap junctions may not mediate functionally significant electrotonic coupling in the mature retina. Small gap junctions may be vestiges of territorial interactions in the developing retina, or mediate sharing of large molecules such as cyclic nucleotides on a broader time scale than most light stimuli (Bevans et al., 1998) . Neurobiotin coupling occurs on a scale of many minutes. Small bipolar cell gap junctions may be too resistive to transfer significant electrical signal to neighboring cells before loss of signal due to membrane leakage. The spread of tracer or second messengers, by comparison, is limited only by sequestration, breakdown, and the time available for diffusion (Mills & Massey, 1998) .
Still, tracer coupling between most mammalian bipolar cells is absent or negligible, if the results from Ba1, Ba2, and ON cone bipolar cells (Vaney, 1994) can be considered to be general. The rabbit Ba3 stands as the first clear exception. The spatial acuity and independence of most bipolar cells is therefore unlikely to be seriously compromised, while the Ba3 is already unlikely to be concerned with spatial acuity due to its low density and high degree of overlap. Even signals originating in the Ba1 might not spread significantly to other bipolar cells, due to the possible rectification of the Ba10Ba3 gap junction.
